Introduction
It has been established that natural antitumor immune responses develop in a variety of cancer types, primarily mediated by CD8+ cytotoxic lymphocytes (CTLs) and CD4+ T helper-1 (Th1) cells [1] [2] [3] . However, these responses are often insufficient to completely eliminate tumor presence and may be overcome by tumor-induced immunosuppression [3, 4] . Based on these observations, cancer immunotherapy aims to modulate immune pathways to initiate or augment otherwise inadequate antitumor immune responses. One promising approach is through therapeutic vaccination, whereby immune cells such as dendritic cells (DCs) are sensitized to tumor-associated antigens (TAAs) and stimulated to mobilize effector responses resulting in selective destruction of malignant cells.
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Malignant gliomas (MGs), tumors of glial origin, are the most frequently diagnosed primary intracranial malignancies in adults. The most common, and most aggressive, subtype of MG is glioblastoma (GBM). The prognosis for patients with GBM is extremely poor, with median life expectancy of 14.6 months and 5-year survival rates less than 10% [8, 9] . The current standard treatment for MG is maximal surgical resection followed by radiotherapy and temozolamide (TMZ) [9] . However, these nonspecific therapies are limited by systemic toxicities and damage to healthy surrounding tissues and ultimately fail to result in complete, sustained tumor eradication. There is therefore a great need to explore novel approaches, such as immunotherapy, to improve outcomes for these patients.
Immunotherapy in the context of MG is a highly evolving field that has shown significant promise in pre-clinical and early clinical testing. With a better understanding of cancer antigens on a basic genomic level and growing knowledge of immune checkpoint pathways, the last several years have seen great advancements in the fields of cancer immunology and immunotherapy. Understanding these recent developments is critical in designing the next generation of successful anti-glioma DC-based vaccines.
Dendritic cell biology DC subtypes and DC trafficking
DCs are a morphologically and functionally heterogeneous group of cells derived from CD34+ hematopoietic progenitor cells in the bone marrow. There are two distinct subtypes of human DCs: a larger subset of CD11c+ "myeloid" dendritic cells (mDCs), and a smaller subset of CD11c-"plasmacytoid" dendritic cells (pDCs). Both mDCs and pDCs are antigen-presenting cells (APCs) and can activate T cells, though they differ in tissue distribution, surface molecule expression, and cytokine release [1] . mDCs are found in most lymphoid and nonlymphoid tissues and tend to be potent stimulators of cell-mediated immunity. Activated mDCs release IL-12, which induces IFN-γ secretion and CD4+ Th1 differentiation, promoting Th1-mediated antitumor responses [10, 11] . Present in secondary lymphoid organs, pDCs have the unique ability to produce large amounts of interferon-α (IFN-α) in response to viral infection. They express Toll-like receptor-7 (TLR-7) and TLR-9 to recognize viral nucleic acids [5, 12] . Type I IFNs, like IFN-α, are potent activators of antiviral and antitumor responses.
Following development in the bone marrow, immature mDCs and pDCs disperse throughout the body, guided by chemokines such as MIP-1α, MIP-1β, RANTES, MCP-3, and MIP-5. Detection of pathogenic or inflammatory molecules stimulates DC trafficking to sites of infection or tissue damage [1] .
Molecules expressed by DCs
DCs express surface molecules specialized for T cell interactions including antigen presentation (CD1 and MHC class I and II), costimulatory (CD80/B7.1 and CD86/B7.2), and adhesion (CD11, CD50, CD54, CD58) molecules [2] . Present on most cells, MHC class I molecules display internally derived antigens, including self and viral peptides, to CD8+ T cells. Unique to APCs, MHC class II molecules present exogenous peptides to CD4+ T cells. Antigens captured by DCs are typically loaded onto MHC class II molecules, but may be targeted to MHC class I molecules and presented to CD8+ T cells in a process termed "cross-presentation." [1, 13] CD1 molecules present endogenous and exogenous lipid antigens [1] . DCs also express a variety of intracellular and extracellular receptors through which they sense antigens, chemokines, and activating stimuli in their environment. Among these are C-type lectin receptors (DEC-205, DC-SIGN), Fcγρεχεπτορσ (CD64, CD32), integrins, TLRs, TNF-family receptors, cytokine and chemokine receptors, and scavenger receptors [1, 13] .
Mature versus immature DCs
Immature DCs are specialized for antigen sampling and express high concentrations of receptors mediating antigen recognition and uptake. They reside in peripheral tissues, continuously internalizing antigens from their environment. However, in this immature state they express low levels of surface MHC and costimulatory molecules and therefore are inefficient antigen presenting cells and poor initiators of T cell activation [7] . Detection of pathogenic or inflammatory molecules, such as LPS or TNF-α, initiates DC maturation, leading to an enhanced ability to activate T cells. Maturing DCs downregulate receptors specialized for antigen uptake, upregulate surface expression of MHC and costimulatory molecules, and undergo cytoskeletal changes to improve motility and maximize surface area for T cell interactions. Maturation also induces DCs to secrete cytokines, chemokines, and growth factors to attract other immune cells and promote the activation, proliferation, and differentiation of effector cells. Pathogenic molecules and other tissue factors present during maturation influence the specific cytokine release profile of mature DCs [7] . Activated DCs upregulate CCR7 expression and migrate to the paracortex of draining lymph nodes, attracted by chemokines MIP-3β and SLC [1, 7] . Here, DCs receive the final stimulus for their maturation: ligation of surface CD40 molecules by T cell CD40 ligand. CD40/CD40L interactions further increase DC costimulatory molecule expression and cytokine secretion, strengthening DC-T cell interactions and effector responses [1, 2] .
Immunogenic versus tolerogenic DCs
Antigen presentation to naïve T cells has the potential to result in antigen-specific immunity or antigen-specific tolerance [7] . Although both mature and immature DCs are capable of antigen presentation, only mature DCs possess the high levels of surface MHC and costimulatory molecules necessary to activate naïve T cells. Antigen presentation by immature or incompletely matured DCs leads to antigen-specific tolerance by inducing T cell anergy, apoptosis, or differentiation into immunosuppressive regulatory T (Treg) cells [14] .
DC-mediated generation of antigen-specific tolerance is fundamental in preventing autoimmune destruction of self-proteins. During T cell development in the thymus, DCs induce clonal deletion of strongly self-reactive doublepositive thymocytes in a process termed "negative selection." [6] However, not all self-antigens are present in the thymus and some are only expressed later in life. The identification and removal of T cells with receptors specific for these antigens is mediated peripherally by immature DCs. Early development of self-tolerance is especially important given that in sites of inflammation, DCs are exposed to both self and non-self antigens in an activating environment. A tolerogenic state also occurs in a variety of tumor types, allowing malignant cells to evade detection and elimination by the immune system [3, 4] . 
DC-T cell interaction (Fig. 1)
Within secondary lymphoid tissues, DCs present antigens to naïve T cells. This encounter is characterized by several key interactions, illustrated in Fig. 1 . The strength and nature of the elicited response is determined by the state of DC maturation, concentration of p-MHC complexes, affinity of T cell receptors for p-MHC complexes, type and strength of B7 interactions, and presence of local cytokines. Of particular interest to cancer immunotherapy is the polarization of T cell differentiation. Th1 cells secrete pro-inflammatory cytokines to activate downstream effector responses and support CD8+ CTL maturation, forming the basis for antitumor immunity, whereas Th2 and Treg responses are not cytotoxic, impair Th1-mediated tumor destruction, and allow tumor persistence [10] . Gradual dysfunction of Th1-mediated cellular immunity and the development of Th2 and Treg responses are associated with cancer progression and a poor prognosis in many malignancies [15, 16] .
DC in tumor microenvironment

Role of DCs in various cancers
DCs are naturally exposed to a variety of antigens within the tumor microenvironment. These tumor-associated antigens (TAAs) may be uniquely tumor-specific (MAGE, BAGE, GAGE), viral (HPV, CMV), tissue-specific differentiation antigens (MART-1, gp100, tyrosinase), or mutated and/or overexpressed self-proteins (HER-2/neu, EGFRvIII) [17, 18] . Chemotherapy and radiation, standard components of anticancer treatment, trigger widespread tumor cell death further promoting TAA release [19] . These antigens can be captured by tumor-infiltrating DCs and presented to naïve T cells to initiate antigen-specific antitumor responses.
However, many tumors employ mechanisms to avoid immune-mediated rejection. Malignant cells may develop reduced immunogenicity through mutations of TAAs, defects in antigen processing or presentation, or downregulation of MHC class I expression [4] . Tumors also actively promote the development of a tolerogenic environment, suppressing the effectiveness of antitumor immune responses through the release of immunosuppressive cytokines, modulation of immune checkpoint pathways, and attraction of immunosuppressive leukocytes. Many tumors overexpress the STAT3 protein, which prevents tumor cell apoptosis, downregulates MHC and costimulatory molecule expression, promotes immunosuppressive cytokine release, inhibits IL-12 and IFN-γ expression, and suppresses Th1 immune responses [20] . Tumors also contain an abundance of compounds known to inhibit DC maturation and function, including IL-10, TGF-β, VEGF, IL-6, and PGE 2 [21] . DCs in tumor-bearing patients often express an immature or incompletely matured phenotype and have a reduced capacity to activate antitumor immune responses, instead promoting Treg cell development and antigen-specific tolerance [21] .
Role of DC in glioma
A prominent feature of MG is profound suppression of cellmediated immunity [22] . Gliomas often contain high proportions of apoptotic and dysfunctional T lymphocytes [22, 23] . T cells obtained from patients with MG demonstrate defective signaling, impaired cytokine release, and a diminished ability to proliferate and carry out effector responses [22] . Gliomas actively suppress T cell function by modulating inhibitory checkpoint pathways and releasing immunosuppressive cytokines like TGF-β and IL-10 [22] . TGF-β inhibits the activation, proliferation, and differentiation of effector T cells [4] and is independently associated with a poor prognosis in MG [24] . Often overexpressed by malignant cells and tumor-infiltrating DCs, programmed-deathligand-1 (PD-L1) binds to PD-1 molecules on activated T cells to induce their anergy and apoptosis. T cells can also be stimulated to express CTLA-4, which competes with CD28 molecules for binding to DC CD80/CD86 and sends inhibitory signals to T cells, preventing their activation [25] . CTLA-4 interactions with DCs can induce DC expression of indoleamine-2,3-deoxygenase (IDO), an enzyme involved in tryptophan catabolism, which arrests T cell proliferation, induces T cell apoptosis, and promotes Treg cell generation [13, 25] . IDO overexpression is observed in aggressively growing tumors and associated with reduced effector T cell infiltrations [25] .
The dysfunction exhibited by T cells of glioma patients occurs in APCs as well. This concept can be illustrated by exploring the role of pDCs in glioma development and progression. Both animal models and human clinical trials have demonstrated that pDCs can induce antitumor immune responses through T cell activation and IFN-α production [12, 13] . However, other studies have associated pDC tumor infiltration with disease progression and a poor prognosis [26, 27] . These findings can be attributed to the systemic dysfunction of pDCs often observed in the setting of cancer. Tumor-associated pDCs exhibit a reduced capacity to secrete IFN-α, likely due to downregulation of TLR-9, and impaired antigen presentation. These pDCs are poor initiators of antitumor immunity and promote Treg cell development [12, 26, 27] . Our group has shown that in a murine model of glioma, selective pDC depletion in the early stages of tumor formation reduces Treg cell presence and prolongs survival [26] . Patients with glioma possess greater proportions of Treg cells, the accumulation of which are associated with suppression of antitumor responses and a poor prognosis [16, [27] [28] [29] . Selective Treg cell depletion has been shown to restore effector cell functions, augment antitumor immune responses, and improve survival outcomes in many cancers [30, 31] .
DC based theraputic vaccine
As crucial regulators of innate and adaptive immune responses, DCs provide a solid foundation for the development of immunotherapies. DC-based immunotherapies manipulate DCs to initiate immune responses against TAAs. Numerous preclinical studies have established the ability of various DC-based vaccinations to induce robust and highly specific antitumor T cell responses, leading to prolonged survival and protective antitumor immunity in animal models [32] [33] [34] . Initially evaluated in human clinical trials in the 1990s, DC-based vaccines were shown to be beneficial in the treatment of patients with B-cell lymphoma [35] , melanoma [36] , and prostate cancer [37] . In the years since, DC-based vaccines have been adapted and studied in a variety of other malignancies, listed in Table 1 [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . The first patient with a primary intracranial tumor treated with DC-based immunotherapy is described in a case report published in 2000 by Liau et [49] . Results of early clinical trials, listed in Table 2 , have since confirmed the safety, feasibility, and immune-stimulating activity of DC-based immunotherapy in patients with MG [24, 28, 29, [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . Given its reliance on final effector functions of the immune system, a concern with immunotherapy is its efficacy in conjunction with lymphocyte-depleting treatments, like chemotherapy. In [57] . There are two wellestablished avenues for introducing antigens to DCs: direct targeting of antigens to DCs in vivo and ex vivo generation of antigen-loaded DCs [5, 13] .
In vivo DC targeting
The targeted delivery of antigens to DCs in vivo can be achieved by coupling antigens to antibodies specific to DC surface molecules like C-type lectins, Fcγ, MHC class II, or CD40 [65, 66] . As different DC receptors have differential influences on the capacity of mature DCs to polarize T cell differentiation, this method allows targeting of specific receptors known to stimulate DC-mediated induction of Th1 responses [27] . However, a major limitation of this approach is the possibility of antigen uptake by immature DCs, leading to the induction of tolerogenic responses [65, 66] . This risk is especially relevant for cancer patients, who may suffer from immune system dysfunction induced by tumor-secreted factors or chemotherapy or radiation treatments. Concurrent administration of DC maturation activators, such as TLR ligands or CD40 agonists, can minimize this risk [66] .
Ex-vivo generated DCs
Autologous DCs can be generated and expanded ex vivo, charged with TAAs, exposed to maturation stimuli, and then reintroduced into the patient as a vaccine. DCs may be directly isolated from the peripheral blood or differentiated in vitro from monocytes or CD34+ hematopoietic progenitor cells. The most widely used method involves the in vitro differentiation of peripheral blood monocytes in the presence of GM-CSF and IL-4 [67] . DCs may be exposed to antigens in the form of peptides or proteins, whole killed tumor cells or lysates, tumor stem cells, mRNA or cDNA encoding TAAs, or through direct fusion with tumor cells, and subsequently cultured with molecules to induce maturation. Among those commonly used are TNF-α, IL-1β, IL-6, PGE 2 , LPS, and IFN-γ [21, 68, 69] . Antigen selection introduces unique benefits and limitations to vaccine generation and efficacy. Commonly used in clinical trials, peptide antigens can be generated for key sequences of tumor-specific proteins, modified to enhance immunogenicity, and targeted directly to DC surface MHC molecules in culture [5] . Their known structure facilitates monitoring of antigen-specific immune responses, however limits their use to patients with HLA subtypes possessing inherent affinity for these sequences; in a recent clinical trial of DC-based vaccination with glioma-associated antigens (GAAs), HLA subtype restrictions only allowed for treatment of 40% of initially enrolled patients [29] . Larger proteins and tumor mRNA molecules must be internalized and processed by DCs, allowing the selection and presentation of a variety of epitopes compatible with the patient's own HLA type, though the sequences selected may not be strongly immunogenic [2] . Whole tumor lysates, tumor stem cells, and tumor cell-DC fusion vaccines expose DCs to a tumor's unique, complete antigen profile without the need for individual antigen identification, which may be useful in highly heterogeneous tumors and those in which specific TAAs are unknown. However, this type of vaccine depends on the availability of autologous tumor material, which may be limited in patients having undergone previous treatments.
Ex vivo DC generation is expensive, labor-intensive, and must be personalized for individual patients. Optimization of in vitro conditions to yield high-quality DCs capable of inducing strong cytotoxic responses in vivo remains a topic of continued research [21, 68, 70, 71] . Despite these challenges, ex vivo DC generation offers greater control over the phenotype and quality of DCs and their encounter with antigen. Expanded and matured away from tumor-induced immunosuppression, these DCs are poised to activate tumor-specific immunity rather than tolerance and may be particularly useful in patients with weakened immune systems that cannot respond to in vivo delivered stimuli [5, 21] .
Limitations of DC based vaccine
The field of immunotherapy has seen significant advancements over the past decade. DC-based vaccination is well tolerated and induces systemic antitumor responses and prolonged survival in a subset of vaccinated patients with a variety of tumor types. However, objective clinical response rates remain low, leaving much room for improvement. Furthermore, comparing results between clinical trials has been limited by variability in vaccine composition and preparation and lack of established criteria for objective evaluation of immunological and clinical responses.
Selection of optimal conditions for vaccine development to generate high-quality DCs capable of inducing robust antitumor immune responses remains a significant area of research. Recent reports suggest that DCs matured ex vivo are less effective than their natural counterparts in activating T cells and inducing effective antitumor immunity [68, 71] . Also fundamental to the development of DCbased vaccines is the selection of immunogenic antigens with which to prime the immune system. This is limited by the heterogeneous antigen profile of MG, both between patients and within individual tumors [5] . Vaccination also introduces selective pressures for tumor antigenic mutation and the development of antigen-loss variants, particularly with single-antigen vaccines and those targeting antigens non-essential for cell survival [13] . Emergence of antigennegative metastases following DC-based vaccination has been documented in several studies [38, 64] . Another complication associated with immune system manipulation is the unintentional activation of effector responses against self-proteins. Although uncommon, autoimmune responses have occurred following immunotherapy. Most notably, the development of vitiligo has been observed in several patients receiving DC-based vaccination for metastatic melanoma [39, 41, 46] .
Tumor-induced immunosuppression remains one of the greatest challenges currently facing immunotherapy. Through elaboration of cytokines like IL-10 and TGF-β, induction of negative checkpoint regulators such as CTLA-4 and PD-L1, recruitment of immunosuppressive leukocytes, and downregulation of tumor cell immunogenicity, tumors evade immune detection, suppress DC and effector cell function, and limit the efficacy of DC-based vaccination [4, 5] .
Ways to overcome limitations and future direction
The effectiveness of DC-based immunotherapy hinges on an ability to stimulate robust antigen-specific CD4+ and CD8+ effector responses that are not overcome by tumor-induced immunosuppression. Our group has shown that in a murine model of glioma, mDCs and pDCs behave differently in DC-based anti-glioma vaccines, significantly impacting the resulting antitumor immune response. These results demonstrate the importance of selecting an optimal DC subtype during vaccination development, and specifically that using natural mDCs and selectively depleting pDCs can enhance the efficacy of DC-based immunotherapy [26] .
The ideal vaccine antigen is unique to malignant cells, commonly expressed between patients and within individual tumors, crucial to tumor survival, and not restricted to certain HLA subtypes. Although the molecular heterogeneity of MGs has complicated the identification of tumor-specific antigens, clinical trials targeting antigens like TRP-2, gp100, MAGE-1, HER2, and CMV pp65 have demonstrated success and continue to be investigated (NCT02366728, NCT02465268) [29, 50, 61, 64] . Peptide antigens can also be modified to increase affinity for MHC molecules, promote immune cell activation, or enhance immunogenicity, particularly for overexpressed self-antigens to which the immune system has developed tolerance [40] . Sipuleucel-T, a DC-based vaccine utilizing a recombinant antigen-GM-CSF fusion protein, has significantly advanced the treatment of metastatic prostate cancer, extending overall survival by 4.1 months [48] . Other vaccine trials focus on whole tumor materials, which allow DCs of any HLA subtype to be loaded with multiple antigens expressed within an individual tumor [28, 51-60, 62, 63] . Targeting multiple antigens or epitopes reduces tumor selection for antigen-loss variants [13] . Phase III clinical trials of DC-based vaccination utilizing autologous tumor lysate in patients with MG are currently ongoing (NCT00045968, NCT02146066).
Targeting multiple immune pathways through combination therapy has potential to induce a multi-faceted response that is more effective than DC-based vaccination alone. Combination treatment with radiotherapy and chemotherapy has been shown to enhance the efficacy of DC-based vaccination in preclinical studies and human clinical trials [57, 63, 72] . In addition to direct killing of tumor cells, these therapies stimulate immune responses that complement the antitumor effects of DC-based immunotherapy [73] . Both modalities increase tumor cell immunogenicity and susceptibility to immune-mediated destruction by upregulating the expression of MHC, costimulatory, and adhesion molecules, stress ligands, and death receptors. Through induction of DNA damage and ER stress, they stimulate a particularly inflammatory form of cell death, releasing TAAs, cytokines, chemokines, and other immune-stimulating danger signals that attract DCs, leading to the activation of adaptive immune responses [73] . Combination with other immune-modulating treatments like oncolytic virotherapy or adoptive T cell transfer has potential to further enhance immune responses to DC-based immunotherapy. Vaccine efficacy may also be improved with the addition of immunogenic adjuvants or stimulators of APC function. Imiquimod, a TLR-7 agonist, and poly-ICLC, a TLR-3 agonist, enhance DC survival and trafficking to lymphoid tissues [28, 61, 74] . IL-12, fundamental in the generation of antitumor immunity, has also been shown to augment DC-based vaccine effectiveness [55, 75] . IL-2, a potent stimulator of T cell proliferation, has shown some immunotherapeutic promise, however its effectiveness is limited by a propensity to promote Treg cell development [27, 47, 70] .
Mitigating tumor-induced immunosuppression will be fundamental in the development of the next generation of DC-based vaccines. This can be accomplished through neutralization of immunosuppressive cytokines, blockade of negative regulators of T cell function, or depletion of immunosuppressive cells. Antibody-mediated inhibition of CTLA-4 has augmented antitumor responses in animal models and human clinical trials and, in combination with intratumoral IL-12, dramatically reduced Treg cell presence and increased the proportion of functional effector 1 3
T cells in patients with MG [74] . However, its use is limited by systemic toxicity and life-threatening autoimmune responses secondary to unrestricted T cell activation [76] . Human clinical trials of MDX-1106, an anti-PD-1 monoclonal antibody, demonstrated evidence of clinical efficacy in the treatment of advanced metastatic cancers and exhibited a more favorable side effect profile than CTLA-4 inhibitors [77] . PD-1 inhibition continues to be investigated in clinical trials for MG (NCT02423343, NCT02529072). A recent phase I trial of simultaneous PD-1 and CTLA-4 inhibition in patients with advanced melanoma has shown significant promise as a combination therapy, with 65% of patients showing evidence of antitumor responses to vaccination and 53% of patients experiencing significant tumor regression of 80% or more [78] . A phase II clinical trial investigating simultaneous CTLA-4 and PD-1 inhibition in patients with MG is currently ongoing (NCT02794883).
Results of multiple clinical trials have established the ability of DC-based immunotherapy to induce strong antigen-specific antitumor immune responses and prolong survival in a variety of malignancies, including MG. However, these benefits are still not realized in the majority of vaccinated patients. While the induction of antitumor effector responses is an important endpoint of vaccination, fully addressing complex elements such tumor-induced immunosuppression remains a significant challenge in the development of effective immunotherapies. In addition, effect of epigenetics on immune system has to be taken into consideration to predict vaccine mediated immune activation at a personal level. Moving forward, future of DC cancer vaccination will include rewiring DC molecular pathways and targeting natural DCs both in vivo and ex vivo to generate mature activated DCs that are refractory to tumor induced immunosuppression. Ultimately, the best outcomes will likely be seen in the setting of combination therapies that generate a multi-faceted approach to tumor destruction in terms of activating the effector arm and suppressing the regulatory arm of the immune system.
